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ABSTRACT 
The photo-hydrogelation reaction of functional poly(2-oxazoline)s can be significantly 
accelerated by the presence of weak hydrophobic interactions. Here we describe the synthesis 
and crosslinking of water-soluble poly(2-oxazoline) copolymers containing vinyl groups in 
the side chains by copolymerizing 2-methyl-2-oxazoline and 2-undecenyl-2-oxazoline or 2-
(3-butenyl)-2-oxazoline. An improved synthetic pathway to the 2-(3-butenyl)-2-oxazoline 
monomer based on α-deprotonation of 2-methyl-2-oxazoline is also included. When exposed 
to radical thiol-ene conditions in presence of dithiothreitol in water, all of the copolymers 
produced homogeneous hydrogels, but the nature of the copolymers greatly influenced the 
crosslinking kinetics. The polymers with the vinyl groups on short alkyl chains cured slowly 
and the physical properties of the hydrogels were strongly dependent on the molar ratio of 
thiol and ene groups. Conversely, the polymers with the vinyl groups on long alkyl chains 
cured extremely rapidly, whereby the process was nearly independent of the thiol 
concentration. A model of hydrophobic interactions actually enhancing cure kinetics, but at 
the expense of the thiol-ene reaction, is proposed. 
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1. Introduction 
Thiol-ene photochemistry is a versatile tool for creating carbon-sulfur bonds and has been 
used extensively to create crosslinked structures with both commercial and research value.
1
 
The thiol-ene coupling reaction is generally considered to be insensitive to oxygen inhibition 
and can be performed in a single step under a wide range of conditions, including in aqueous 
media. This feature has made thiol-ene coupling a popular crosslinking reaction for creating 
hydrogels, especially because it can be performed in the presence of cells without deleterious 
effects, provided the conditions, including light intensity as well as photoinitiator type and 
concentration, are chosen wisely.
2, 3
 Networks based on thiol-ene crosslinking can be formed 
from any range of free thiols and accessible vinyl groups, but to form the highly swollen 
networks needed in many biomaterial applications it is useful to start with medium to high 
molar mass macromolecular precursors. These should contain either the thiol or ene groups 
and crosslink with a second small molecule or macromolecule containing the corresponding 
reactive group. There are numerous reports of thiol-ene crosslinking with polyethylene glycol 
(PEG),
4-6
 but a significant drawback to using PEG is that functionalization is generally 
limited to the end groups and post-polymerization modifications must be performed to 
introduce thiol or ene groups. Functional PEG copolymers are the exception, although 
protection and deprotection steps of the comonomer make their synthesis approach 
cumbersome.
7
 The challenge is to develop polymers other than PEG with the desired 
hydrophilicity, non-toxicity and structure amenable to facile functionalization. 
 
In this regard, poly(2-alkyl/aryl-2-oxazoline)s (PAOx) are growing in popularity owing to 
similarities with PEG but with more diverse structures and synthetic possibilities.
8-12
 First 
synthesized in the 1960s,
13-16
 PAOx have recently returned to focus with advances in methods 
for rapidly synthesizing high-quality polymers with low dispersity and high end group 
fidelity.
17
 The solubility of PAOx depends on the alkyl/aryl side chain group. Short-chain 
alkyl PAOx polymers, especially those synthesized from 2-methyl-2-oxazoline (MeOx) and 
2-ethyl-2-oxazoline (EtOx), are of particular interest from a biomaterials perspective due to 
their comparable or even higher (MeOx) hydrophilicity when compared with PEG.
18
 Hence, 
PEtOx and PMeOx, make excellent templates for functional PAOx.  
 
Thiol-ene chemistry of PAOx has been explored by several groups using small molecule 
thiols and vinyl functionalized PAOx prepared via copolymerization of MeOx or EtOx with 
2-oxazoline monomers with pendant vinyl groups. For instance, 2-undecenyl-2-oxazoline 
(DecenOx) synthesized from addition of chloroethylamine to 10-undecenoyl chloride 
followed by ring closure to yield the 2-oxazoline
19, 20
 can be copolymerized with other 2-
oxazolines to yield copolymers with pendant vinyl groups suitable for thiol-ene conjugation. 
Shorter pendant groups can be obtained from copolymerization with 2-(3-butenyl)-2-
oxazoline (ButenOx) synthesized from 4-pentenoic acid then adding chloroethylamine to the 
activated acid followed by ring closure to yield the 2-oxazoline.
21
 An alternative route to 
ButenOx copolymers from the group of Schubert involves hydrolysis of PEtOx followed by 
reaction of the resulting secondary amine with N-succinimidyl-4-pentenate.
22
 Examples of 
thiols conjugated to DecenOx and ButenOx polymers include 2,3,4,6-tetra-O-1-thio-β-ᴅ-
glucopyranose,
19, 21, 23
 3-mercaptopropionic acid,
23
 methyl-3-mercaptopropionate,
21
 
1H,1H,2H,2H-perfluorooctanethiol,
21
 3-mercapto-1,2-propanediol,
21
 thioacetic acid,
21
 
dodecanethiol,
19, 23
 and thiofunctional thiazolidine.
24
 In all cases the thiol-ene photochemistry 
was performed in organic solvents and the shortest reaction time was 30 minutes,
24
 although 
>20 hrs is not unusual in the absence of a photoinitiator additive.
19, 21, 25
  
 
It is also possible to produce PAOx hydrogels via thiol-ene coupling given a crosslinker with 
thiol functionality ≥2. Previously, we have photo-crosslinked PEtOx-DecenOx copolymers 
with a range of dithiols under ethanolic conditions
26
 and then extended on this work to using 
aqueous conditions by substituting the EtOx monomer with the more hydrophilic MeOx to 
produce precursors with good water solubility and cell-compatibility.
3
 Similarly, the groups 
of Wiesbrock 
27, 28
 and Schubert 
22
 have utilized thiol-ene produced networks and their work, 
together with other indirect thiol-ene crosslinking methodologies for PAOx, have been 
reviewed recently.
29
 
 
By copolymerizing DecenOx into PAOx copolymers, pendant vinyl functionality can be 
simply introduced, however, it is at the expense of hydrophilicity due to the long fatty alkyl 
chain. An alternative is the functionally similar ButenOx, yet its synthesis is involved and 
expensive when using a modified Wenker method.
21
 Herein, we report an alternative 
synthesis of ButenOx to afford water-soluble PMeOx-ButenOx copolymers and compare the 
photo-crosslinking kinetics with PMeOx-DecenOx copolymers using a low molar mass 
dithiol. By using photo-dynamic mechanical analysis, we demonstrate that hydrophobic 
groups can enhance the cure kinetics but at the same time introduce a mixed mode of 
crosslinking consisting of both thiol-ene coupling and vinyl homopolymerization. 
 
2. Materials and Methods 
2.1 Materials 
MeOx, undecanoic acid and barium oxide (BaO) were obtained from Acros Organics. All 
other materials were purchased from Sigma Aldrich unless specified otherwise. 
Diisopropylamine was dried over calcium hydride before use. MeOx and methyl p-
toluenesulfonate (MeOTs) were distilled over BaO and stored under an argon atmosphere. 
Tetrahydrofuran, dichloromethane and acetonitrile were purified over aluminum oxide by 
means of a solvent purification system from J.C. Meyer. Other solvents were used as 
received. 
Irgacure 2959 (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one) was 
supplied by BASF and dissolved in water by heating for 30 min at 70 °C to afford a 1% stock 
solution. Dithiothreitol (DTT) was obtained from Roche. All hydrogels were prepared in 
doubly distilled water (ddH2O). 
All polymerization mixtures were prepared in a VIGOR Sci-Lab SG 1200/750 Glovebox 
System with a water and oxygen concentration ≤ 0.1 ppm. For the polymerizations, a Biotage 
Initiator EXP Microwave System with Robot Sixty was used. During the polymerizations the 
microwave synthesizer operated at a constant set temperature which is monitored by the IR-
sensor. 
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 300 
spectrometer (operating at 300 MHz for 
1
H and 75 MHz for 
13
C) or a Bruker Avance 400 
spectrometer (operating at 400 MHz for 
1
H) with a pulse delay of 10 sec. Chemical shifts are 
given in ppm, relative to tetramethylsilane (TMS). 
Gas chromatography (GC) was used to determine monomer conversion in time. GC was 
performed on an Agilent 7890A system equipped with a VWR Carrier-160 hydrogen 
generator and an Agilent HP-5 column of 30 m length and 0.320 mm diameter. An FID 
detector was used and the inlet was set to 240 °C with a split injection of ratio 25:1. 
Hydrogen was used as carrier gas at a flow rate of 2 mL/min. The oven temperature was 
increased with 20 °C/min from 50 °C to 120 °C, followed by a ramp of 50 °C/min. to 240 °C. 
Size-exclusion chromatography (SEC) was performed on an Agilent 1260-series HPLC 
system equipped with a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic liquid 
sampler (ALS), a thermostatted column compartment (TCC) at 50°C equipped with two 
PLgel 5 µm mixed-D columns and a guard column in series, a 1260 diode array detector 
(DAD) and a 1260 refractive index detector (RID). The used eluent was DMA containing 
50mM of lithium chloride at an optimized flow rate of 0.593 ml/min. The spectra were 
analyzed using the Agilent Chemstation software with the GPC add-on. Molar mass and 
dispersities values were calculated against PMMA standards from PSS. 
High resolution mass spectrometry was performed on an Agilent 1100 HPLC equipped with a 
6220A TOF-MS detector and an ESI/APCI multimode source using flow injection in 50:50 5 
mM NH4OH/H2O:MeOH and a flow rate of 300 μL min
-1
.  
 
2.2 Monomer synthesis 
2-Butenyl-2-oxazoline (ButenOx): A lithium diisopropylamide (LDA) solution was freshly 
prepared by slowly adding a solution of butyl lithium (2.5 M, 89.30 mL, 0.95 eq., 223.24 
mol) in hexanes to a solution of diisopropylamine (33.03 mL, 234.99 mmol, 1.0 eq.) in dry 
THF (250 mL) at -78 °C under an argon atmosphere. After stirring for 60 min, 2-methyl-2-
oxazoline (20.00 g, 234.99 mmol, 1.0 eq.) was added dropwise over 30 min then stirred for 1 
h at -78 °C. Subsequently, allyl bromide (18.28 mL, 211.49 mmol, 0.9 eq.) was added over 
30 min. The reaction mixture was brought to room temperature and after stirring overnight 
the reaction mixture was quenched with MeOH (40 mL). All volatiles were evaporated under 
reduced pressure and after adding CH3Cl2, the crude was washed with water (2 x 100 mL) 
and brine (100 mL), after which it was purified through vacuum distillation (6 mbar, 82 C) 
resulting in the desired produce (19.79 g, 67%). 
1
H NMR (300 MHz, CDCl3) (Figure S1): δ = 
2.35-2.40 (m, 4H, CH2), 3.82 (t, 2H, 
3
J = 9.0 Hz, NCH2), 4.23 (t, 2H, 
3
J = 9.0 Hz, OCH2), 
4.98-5.11 (m, 2H, CHCH2), 5.78-5.91 (m, 1H, CHCH2). 
13
C NMR (75 MHz, CDCl3): δ = 
27.31, 29.84, 54.32, 67.15, 115.31, 136.85, 167.83. HR-MS: [M] = 126.0915 g mol
-1
 (exact 
mass = 125.08406 g mol
-1
). 
2-Decenyl-2-oxazoline: 2-Decenyl-2-oxazoline was prepared according to the Wenker 
method starting from the corresponding carboxylic acid that was activated to an acid chloride. 
In a first step, thionyl chloride (1.2 eq., 0.651 mol) was slowly added to a solution of the 
undecanoic acid (1 eq., 0.543 mol) in dry DCM. After refluxing the reaction mixture during 3 
h, the solvent and excess of thionyl chloride were evaporated under reduced pressure. The 
resulting undecenoic acid chloride was used without further purification. The formation of N-
(2-chloroethyl)-undec-10-enamide and following ring closure to produce DecenOx was 
performed as was previously reported elsewhere.
30
 The pure monomer was stirred overnight 
over BaO and distilled to dryness prior to use. Overall yield: 68 %. 
1
H NMR (300 MHz, 
CDCl3) (Figure S2): δ = 1.24-1.41 (m, 10H, CH2), 1.57-1.67 (m, 2H, NC(CH2)2CH2) 1.99-
2.06 (m, 2H, NCCH2CH2), 2.23-2.29 (NCCH2), 3.81 (m, 2H, NCH2), 4.21 (m, 2H, OCH2), 
4.89-5.02 (m, 2H, CHCH2), 5.73-5.87 (m, 1H, CHCH2).
 
 
2.3 Polymerization 
Kinetics: All polymerization mixtures were prepared under a dry nitrogen atmosphere in the 
glovebox. A stock solution was prepared containing MeOTs as initiator and the monomers 
(M1, M2) in acetonitrile, with a total monomer concentration of 4 M and [M1]:[M2]:[MeOTs] 
= 190:10:1 or 380:20:1. The stock solution was divided over 8 microwave vials and reacted 
in the microwave synthesizer at 140 °C for different time periods. After cooling the 
polymerization mixture to room temperature, it was diluted with 1 mL of chloroform. The 
conversion of the different samples was measured by GC using acetonitrile as internal 
standard. Molar mass and dispersity of the resulting polymers were determined by SEC. 
Polymer synthesis: The same stock solutions as prepared for the kinetic experiments, were 
used for the bulk polymerization. The microwave vials were prepared under a dry nitrogen 
atmosphere in the glovebox and reacted in the microwave synthesizer at 140 °C to full 
conversion (ln([M]t/[M]0) > 4). After cooling the polymerization mixture to room 
temperature, the polymerization was terminated using 1.05 eq. of methanolic KOH (1 M). A 
small amount of dichloromethane was added to the polymerization mixture and the polymer 
was precipitated in cold diethyl ether. P(MeOx190-ButenOx10): 
1
H NMR (300 MHz, CDCl3): 
δ = 1.89-2.20 (m, 570 H, CH3), 2.30-2.51 (m, 40 H, CH2), 3.03-3.08 (m, 3 H, CH3N), 3.10-
3.75 (m, 800 H, CH2-polymer backbone), 4.95-5.11 (m, 20 H, CH2CH), 5.73-5.91 (m, 10 H, 
CH2CH). P(MeOx380-ButenOx20): 
1
H NMR (300 MHz, CDCl3): δ = 2.03-2.19 (m, 1140 H, 
CH3), 2.30-2.53 (m, 80 H, CH2), 3.02-3.09 (m, 3 H, CH3N), 3.13-3.82 (m, 1600 H, CH2-
polymer backbone), 4.94-5.13 (m, 40 H, CH2CH), 5.75-5.91 (m, 20 H, CH2CH). P(MeOx190-
DecenOx10): 
1
H NMR (300 MHz, CDCl3): δ = 1.25-1.46 (m, 80 H, CH2), 1.78-2.42 (m, 650 
H, CH3 + CHCH2 + CHCH2CH2 + COCH2 + COCH2CH2), 3.00-3.09 (m, 3 H, CH3N), 3.11-
3.78 (m, 800 H, CH2 polymer backbone), 4.84-5.05 (m, 20 H, CH2CH), 5.70-5.91 (m, 10 H, 
CH2CH). P(MeOx380-DecenOx20): 
1
H NMR (300 MHz, CDCl3): δ = 1.25-1.45 (m, 160 H, 
CH2), 1.73-2.43 (m, 1300 H, CH3 + CHCH2 + CHCH2CH2 + COCH2 + COCH2CH2), 3.01-
3.08 (m, 3 H, CH3N), 3.18-3.79 (m, 1600 H, CH2 polymer backbone), 4.85-5.05 (m, 40 H, 
CH2CH), 5.70-5.90 (m, 20 H, CH2CH). 
 
2.4 Hydrogel Synthesis 
Unless stated otherwise, all concentrations are given as a percent weight per volume (w/v). 
Hydrogels were prepared starting with 12% aqueous stock solutions of PMeOx-ButenOx and 
PMeOx-DecenOx diluted with 10% DTT, 1% Irgacure 2959 (I2959) and additional water to 
make up to the final desired polymer concentration. For example, to make a 10% hydrogel 
with equimolar thiol to ene, 151 μL of 12% PMeOx380DecenOx20 (mass 18.12 mg; 49.6 
μmol; 9.9 μmol vinyl groups) was mixed with 7.65 μL of 10% DTT solution (4.96 μmol; 9.9 
μmol thiol groups), 9.05 μL of 1% I2959 solution and 13.3 μL of water to take the final 
volume to 181 μL, equating to a 10% solution of the polymer and 0.05% of photoinitator. 
The same approach was used to make solutions of different polymer concentrations, thiol to 
ene ratio or I2959 concentration by changing the volume of water, DTT and I2959, 
respectively. The hydrogel precursor solutions were either cured in an Instron MicroTester 
(details below) or aliquoted between Eppendorf tubes followed by UV light irradiation from 
an OmniCure S1000 mercury vapor lamp fitted with 365 nm filter. 
 
The mass swelling ratio (Q) was determined using the equation: 
𝑄 =  
𝑤𝑠𝑤−𝑤𝑑𝑟𝑦
𝑤𝑑𝑟𝑦
    
where wsw and wdry are the masses of the swollen and dry hydrogels, respectively. 
 
2.5 Photo-Dynamic Mechanical Analysis 
 The photo-induced crosslinking kinetics of PMeOx-ButenOx and PMeOx-DecenOx 
in water were determined using a modified Instron MicroTester (model 5848) in compression 
mode. The modification included fixing a hydrophobic glass slide (Sigmacote treated) over 
an 18 mm diameter hole in the baseplate of the Instron then using this to create a beaded 
droplet of the hydrogel precursors solution. The volume of the droplet was 180 μL so that 
when the upper plate with diameter 11.5 mm was lowered to 1.6 mm above the glass slide, a 
disc was formed, which was held in place by the surface tension of the polymer solution. A 
slight bulge of the polymer solution between the upper plate and the glass slide was observed. 
The load cell used had a full scale force range of 5 N. The solution was irradiated with 365 
nm ultraviolet light with power of 3.6 mW/cm
2
 using a fiber optic light guide positioned 
below the baseplate of the Instron MicroTester and shining up through the glass slide. During 
UV exposure the compressive modulus was measured by recording stress-strain data for 
compression of 0.4 mm at a linear rate of 0.04 mm for 24 cycles with delays between cycles 
of either 15 or 50 seconds depending on the total time for the experiment. The compressive 
modulus was calculated from the tangent of the stress-strain curve between 19-22% 
compression and plotted as a function of irradiation time. 
 
2.6 Thiol Assay  
5,5'-Dithiobis-(2-nitrobenzoic acid) (Ellman’s reagent; Thermo Scientific) was used to 
quantify free thiols in solution. The dilution buffer consisted of 100 mM Tris.HCl and 1 mM 
ethylenediaminetetraacetic acid (EDTA) adjusted to pH 8.0. To 1 mL of dilution buffer was 
added 5,5'-dithiobis-(2-nitrobenzoic acid) (4 mg) to make the reaction buffer. PAOx 
copolymer solutions were prepared as in section 2.4 but with 1-thioglycerol in place of DTT. 
Solutions were irradiated in 0.6 mL Eppendorf tubes with 5 μL samples being taken 
periodically and diluted into 3 mL of reaction buffer followed by addition of 25 μL of 
reaction buffer. The solutions were incubated for 15 minutes at room temperature before the 
optical absorbance at 412 nm was measured relative to a control with only working buffer 
and reaction buffer. The residual thiol concentration was expressed as a percentage of the 
original.  
Results and Discussion 
1. Monomer synthesis 
The synthesis and homopolymerization of ButenOx monomer was first described by Schlaad 
and co-workers,
21
 who further functionalized the resulting polymers using thiol-ene 
conjugation. Their modified Wenker method for ButenOx preparation (Scheme 1), however, 
scores poorly on atom economy and is dependent on the costly starting material, 4-pentenoic 
acid, and reagents, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) 
and N-hydroxysuccinimide (NHS), and requires intensive purification. To attempt to 
overcome these limitations, the α-deprotonation method, first described by Puts and Sogah31 
and later adopted by the groups of Nuyken,
32
 Jordan
33
 and Schubert,
34
 was modified for the 
synthesis of ButenOx. The first step was to treat commercially available 2-methyl-2-
oxazoline (MeOx) with lithium diisopropylamide (LDA) to create the 2-oxazoline anion, 
which depicts a similar reactivity as enols. This anion was then treated with allyl bromide 
resulting in ButenOx in a comparable isolated yield (67%) to the method of Schlaad and co-
workers (53%) and in fewer steps, making this new method a more amenable route to cost-
effective ButenOx based (co)polymers. 
 
 
 
Scheme 1. Synthesis of ButenOx and DecenOx: (a) the modified Wenker method reported by 
Gress et al.
21
 is compared with the (b) new α-deprotection method; (c) the synthesis of 
DecenOx  from undecenoic acid using a modified Wenker method used here and previously 
reported by the group of Schubert.
19
 
 
The synthesis of DecenOx has also been reported previously using the modified Wenker 
method but in this case the starting material, undecenoic acid, is a cheap, bio-based building 
block and activation is possible with thionyl chloride rather than EDC, to activate the 
carboxylic acid enabling a normal Schotten-Bauman reaction.
19
 Using this method, good 
yields (68%) of dry monomer were achieved. The presence of unsaturation in the undecenoic 
acid could lead to the hydrogen chloride adduct from the released acid, however this side 
reaction was not detected. The same methodology applied to ButenOx synthesis, however, 
leads to extremely poor yield.  
  
2. Copolymer Synthesis and Kinetics 
Copolymers of MeOx and ButenOx or DecenOx consisting of 200 or 400 repeating units and 
a consistent vinyl content of 5%, were synthesized by cationic ring opening polymerization 
(CROP) (Scheme 2). The CROP was performed using now standard conditions, i.e. in a 
microwave reactor at 140 °C using methyl tosylate as initiator and with a total monomer 
concentration of 4 M. The polymerization mixtures were quenched using a methanolic 
solution of potassium hydroxide. Full characterization of the purified copolymers is 
summarized in Table 1. All copolymers have compositions that are close to the targeted 
composition and dispersities that are relatively high for the CROP of 2-oxazoline (1.38 – 
1.72), as commonly observed when targeting higher DP for MeOx (co)polymers.
35
 
 
  
Scheme 2. General reaction scheme of cationic ring opening polymerization of 2-oxazolines 
and the reaction of PMeOx-ButenOx or PMeOx-DecenOx to form hydrogels in the presence 
of DTT, I2959 and 365 nm light.  
 
Table 1. Summary of copolymers 
 
 
Copolymer 
Molar 
mass 
(g/mol) 
(theoreti-
cal)a 
 
Mn 
(g/mol)b 
 
Ðb 
 
kpMeOx/ 
kpButenOx
c 
 
kpMeOx/ 
kpDecenOx
c 
Compositiond 
MeOx/ButenOx 
or 
MeOx/DecenOx 
PMeOx190ButenOx10 17454 22500 1.38 1.50 - 190/10 
PMeOx380ButenOx20 34876 33000 1.44 1.85 - 376./24 
PMeOx190DecenOx10 18295 27600 1.44 - 1.33 190./10 
PMeOx380DecenOx20 36559 35500 1.72 - 1.59 382/18 
a
Theoretical molar mass calculated for 100% conversion.  
b
Values measured by SEC. 
cDetermined from the copolymerization kinetics as obtained by gas chromatography.  
d
Determined by 
1
H NMR spectroscopy. 
 
In order to obtain more information on the copolymer microstructure, the kinetics of the 
copolymerizations were followed by gas chromatography (GC). All reactions proceeded via a 
living/controlled polymerization mechanism as is suggested by the first order kinetic plots 
and the linear increase of the measured Mn against the theoretical Mn, which was calculated 
using monomer conversion values determined by GC (Figure 1). All four copolymerizations 
are characterized by a slightly faster consumption of MeOx compared to ButenOx/DecenOx, 
as indicated by the ratios of kpMeOx/ kpButenOx and kpMeOx/ kpDecenOx (Table 1) both 
being greater than unity. To visualize the distribution of comonomers in the chains, a mean 
gradient analysis
36
  was performed and expressed as a comonomer distribution for a 
theoretical degree of polymerization of 100. Figure 2 indicates a somewhat higher 
concentration of the vinyl-moieties in all four copolymers towards the end of the polymer 
chains. The faster polymerizations of DecenOx copolymerizations versus ButenOx 
copolymerizations are not understood and may be related to experimental variations or minor 
differences in concentration of chain terminating impurities. These variations will, however, 
not change the polymerization rate constants of the individual monomers, thereby not 
influencing the monomer distributions along the polymer chains. 
 
In contrast to 2-ethyl-2-oxazoline (EtOx)-DecenOx copolymers that were found to be water-
insoluble at room temperature, all MeOx-ButenOx/DecenOx copolymers fully dissolved in 
aqueous solutions up to 100 °C.
23
 As such, the obtained MeOx-ButenOx/DecenOx 
copolymers are highly suitable for hydrogelation as homogeneous solutions will lead to the 
formation of a continuous network upon photocuring.
26
 
 
 
 
 
 
  
 
 
 
 
 
Figure 1. Left: First-order kinetic plots for the copolymerizations of MeOx and ButenOx or 
DecenOx, with MeOx:ButenOx/DecenOx comonomer ratios of 190:10 and 380:20. The 
dashed lines represent a linear fit to the kinetic data. Right: Measured Mn versus calculated 
Mn. 
 
 
Figure 2. Mean gradient analysis based on kpMeOx/ kpButenOx and kpMeOx/ kpDecenOx for 
the four copolymers where the blue dots represent MeOx units and the green dots ButenOx or 
DecenOx units. 
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3. Hydrogel Synthesis  
The synthesis of PAOx hydrogels was achieved photochemically from PMeOx-ButenOx or 
PMeOx-DecenOx in the presence of dithiothreitol (DTT) and the photoinitiator I2959, all 
under aqueous conditions and without deoxygenation (Scheme 2). Initial observations 
indicated that the time to gelation was strongly dependent on the copolymer structure 
warranting a study into the cure kinetics. Therefore, a UV fibre optic light guide was fitted to 
the underside of a micro-compression tester to allow unconfined photo-dynamic mechanical 
analysis (pDMA). This permitted measurement of the compressive modulus from the 
solution-to-gel states in real-time during UV irradiation (see supplementary movie). The 
advantage of this method over the alternative of sequentially making series of gels followed 
by compression testing is that transfer of the soft gels from a mould to the compression tester 
is not required. Unlike photo-rheology, however, the storage and loss moduli cannot be 
determined, but nonetheless it is a useful method for determining relative differences in cure 
kinetics of a series of hydrogels and requires only small volumes of sample. 
 
The gelation kinetics based on the change in compressive modulus with irradiation time was 
determined for each of the copolymers at three different polymer concentrations: 10%, 8% 
and 6%. Equimolar amounts of thiol:ene were used and the photoinitiator concentration was 
kept constant at 0.05%. The relevance of this chosen concentration of I2959 is that it is below 
the threshold for toxicity towards cells – an important consideration if these materials are to 
be used to encapsulate cells.
2, 3, 37
 The results in Figure 3 show that the kinetics are strongly 
influenced by the length of the vinyl terminated pendant groups in the PMeOx-DecenOx and 
PMeOx-ButenOx copolymers. The two DecenOx copolymers cured rapidly, each of them 
reaching a 100-fold increase in modulus within 180 and 360 seconds for the 380:20 and 
190:10 copolymers, respectively. For the two ButenOx copolymers the cure is considerably 
slower or absent altogether – the 10% and 8% PMeOx190-ButenOx10 solutions required over 
600 seconds to reach a 100-fold increase in the compressive modulus, whereas the 6% 
solution did not cure. In the case of the ButenOx copolymer with a 380:20 ratio of MeOx to 
ButenOx, none of the solutions cured within the irradiation times examined. In the systems 
where gels did form, the stiffness could be correlated to the precursor polymer concentration 
whereby the higher the polymer concentration the higher the moduli of the final gels. This 
has been observed in other hydrogel systems, including gelatine-methacrylamide
38
 and 
PEG,
39
 and can be ascribed to a decrease in the concentration of elastically active chains due 
to swelling effects, or defects  such as dangling ends and intramolecular reactions at higher 
dilutions.  
 
 
Figure 3. Change in compressive modulus (E) with UV irradiation time for copolymers with 
equimolar thiol to vinyl groups, 0.05% photoinitiator and 10, 8 and 6% polymer 
concentrations. 
 To compare the cure kinetics of the four copolymers further, a photoinitiator concentration of 
0.1% was used to enable curing of all the copolymers. Maintaining 10% polymer solutions, 
the pDMA results are shown in Figure 4. In this case all the copolymers formed networks 
including PMeOx380-ButenOx20, but again the trend revealed more rapid curing of the 
DencenOx copolymers compared with the ButenOx copolymers. In order of fastest to slowest 
the trend is PMeOx380-DecenOx20 > PMeOx190-DecenOx10 > PMeOx190-ButenOx10 > 
PMeOx380-ButenOx20. Unexpectedly, the higher molar mass copolymers did not consistently 
cure faster than their lower molar mass homologues. According to Flory-Stockmayer 
theory:
40
  
𝑃𝑐 =  
1
√(𝑓 − 1)
 
 
where Pc is the conversion at which  gelation should occur, the DP400 copolymers with f=20 
vinyl groups on average would require 23% conversion at the gel point compared with 33% 
conversion for the DP200 copolymers with an average of f=10 vinyl groups. The observation 
that the rate of gelation cannot be correlated with the functionality suggests that the 
mechanism is not a simple homogeneous thiol-ene step-growth process. 
 
 Figure 4. Dependence on polymer structure on change in compressive modulus (E) with UV 
exposure time.  Equimolar thiol:ene was used with photoinitiator concentration = 0.1%. 
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Studies of norbornene-thiol systems cured using light and DTT in aqueous conditions have 
shown that the optimum mole ratio of the thiol to alkene (Xthiol) is around unity.
41
 This is 
consistent with many non-hydrogel applications (e.g. coatings) of thiol-ene curing whereby 
specificity for stoichiometric, step-growth reactions is high and conversions often exceed 
90%.
1
 To investigate the influence of Xthiol on the crosslinking of PAOx copolymers, the 
concentration of DTT was varied while keeping all other parameters constant and the final 
maximum compressive moduli of the formed hydrogels were determined using pDMA. After 
curing, the gels were washed and weighed in their swollen and dry states to obtain the 
swollen and dry masses, respectively, to determine the swelling ratio, Q. In all cases the 
hydrogels held their shape well and were visibly transparent. 
 
Figure 5 shows the changes in maximum compressive moduli and swelling ratio with 
changes in Xthiol. These compressive moduli were determined by irradiating the samples until 
a plateau was reached and is assumed to indicate consumption of either the thiol of vinyl 
groups, hence no further crosslinking occurred. Somewhat unexpectedly, two different trends 
were observed for the ButenOx and DecenOx copolymers. The PMeOx380-ButenOx20 and 
PMeOx190-ButenOx10 both displayed optimal crosslinking around thiol:ene equivalence, or 
Xthiol = 1, as theory would predict for an ideal system where the thiol-ene addition reaction 
predominates. The higher Q values and lower compression moduli when Xthiol deviates from 
unity is explained by incomplete photocuring leading to a decrease in the crosslink density. 
Conversely, PMeOx380-DecenOx20 and PMeOx190-DecenOx10 display quite a different 
response, whereby an excess or shortage of thiols had little influence on the moduli and 
swelling ratios. This is most pronounced for the higher molar mass DecenOx copolymer, 
PMeOx380-DecenOx20. Figure 5 also shows that when far off stoichiometry the swelling is 
highly dependent on the polymer structure. For instance, at Xthiol 0.3 the ButenOx copolymers 
swell to a much greater extent than the DecenOx copolymers despite them having similar 
moduli. It may be that in general the higher moduli of the ButenOx copolymers may be due 
to more homogeneous crosslinking, while for the DecenOx copolymers crosslinking is more 
clustered at the hydrophobic sidechains. At the same time, these hydrophobic sidechains will 
make the gels less hydrophilic and will suppress their swelling. 
 
 
 Figure 5. Maximum compressive modulus (E) and swelling as a function of the mole fraction 
of thiol to ene (Xthiol). PMeOx190-ButenOx10 and PMeOx380-ButenOx20 were 10% solutions, 
0.1% PI; PMeOx190-DecenOx10 and PMeOx380-DecenOx20 were 8% solutions, 0.05% PI. 
Lines of fit added to aid the eye only. 
  
The gel forming abilities of PMeOx380-DecenOx20, and to a lesser extent PMeOx190-
DecenOx10, across a wide range of Xthiol suggests the formation mechanism does not solely 
rely on thiol-ene addition. This is somewhat in contrast to suggestions of radical thiol-ene 
chemistry as being a ‘click’ reaction, but completely consistent with reports of competing 
vinyl homopolymerization and head-to-head combination
42
 – both reactions that can 
contribute to network formation in the system studied here. Curiously, the extent of implied 
side reactions is quite pronounced, especially for the PMeOx380-DecenOx20 which cures even 
at Xthiol = 0.15 and Xthiol = 2. Even without any thiol there was a slight increase in viscosity at 
this I2959 concentration, although the polymer did not gel. 
 
The extent to which vinyl homopolymerization competes with thiol-ene addition is highly 
dependent on the conditions and the nature of the thiol and ene. In studies examining thin 
films cured in the absence of solvent, chain growth homopolymerization of allyl alkenes 
exceeded thiol-ene addition by only approximately 10%, based on monitoring of functional 
groups by infrared spectroscopy.
43
  Conversely, attempts at making polymer conjugates via 
thiol-ene chemistry were reported as only being successful if a large excess of thiol was used 
due to excessive side-reactions as detected by mass spectrometry.
42
 Attempts to monitor the 
systems studied here using spectroscopic methods or mass spectrometry were unsuccessful 
due to the insolubility of the networks, the relatively high proportion of solvent and low 
concentrations of vinyl and thiol functional groups and overlapping bands (e.g. vinyl and 
carbonyl by infrared spectroscopy). Instead, a highly sensitive assay using 5,5'-dithio-bis-2-
nitrobenzoic acid (Ellman’s Reagent) was used with a model for DTT, namely, 1-thioglycerol 
(Thiogly), such that an easily monitored soluble product was formed. For this a 
[Thiogly]/[ene] ratio of unity was chosen and samples were irradiated in Eppendorf tubes and 
sampled periodically. We have found that qualitatively the PAOx copolymers crosslink more 
rapidly in narrow tubes compared with between slides/plates as used with the pDMA, 
presumably due to pronounced oxygen inhibition which can be a problem with thiol-ene 
additions.
44
  Nonetheless, the Thiogly model experiment reveals useful insight into the 
consumption of thiols in the PMeOx-DecenOx and PMeOx-ButenOx systems. For both 
DecenOx copolymers approximately 45-55% residual thiol remains compared with less than 
10% for the ButenOx copolymers (Figure 6). In all cases the vinyl groups were fully 
consumed as indicated by the absence of vinyl resonances at 4.9 and 5.8 ppm in the 
1
H NMR 
spectra (Figure S3). From this it may be concluded that the thiol-ene reaction is only around 
50% efficient for the DecenOx system under aqueous conditions. A possible hypothesis is 
that the presence of the hydrophobic chains on the DecenOx groups induces the formation of 
weakly associated hydrophobic clusters that partially exclude the thiols and enhances 
intermolecular homopolymerization reactions. This clustering of DecenOx groups is 
supported by Kempe et al.,
20
 who observed micelle formation when the slightly less 
hydrophilic copolymer synthesized from 2-ethyl-2-oxazoline and DecenOx is placed in 
water. 
 
 
Figure 6. Consumption of thiols during photo-conjugation of Thiogly with PMeOx-DecenOx 
and PMeOx-ButenOx. The ratio of thiol:ene was 1:1. 
 
To investigate this further, 
1
H NMR spectroscopy was used to probe the influence of solvent 
polarity on vinyl group mobility and aggregation based on line-widths and chemical shifts. 
The lengths of the alkyl pendant groups in each of the polymers would suggest that prima 
facie the DecenOx copolymers would be more hydrophobic than the ButenOx copolymers 
and this is confirmed by the line broadening of the peaks due to DecenOx vinyl groups in 
D2O but not of the ButenOx vinyl group peaks when compared with samples dissolved in 
CDCl3 (Figure 7). Curiously, there appears to be two environments for the DecenOx vinyl 
groups in D2O as indicated by the broad signal with some fine structure similar to the 
ButenOx vinyl group chemical shifts, and a second broader shielded resonance tentatively 
attributed to the aggregated vinyl groups. The peak areas of the two DecenOx vinyl 
environments is difficult to measure due to peak overlap but qualitatively there are as many 
vinyl groups in the aggregated form as the non-aggregated form, which may explain the ca. 
50% conversion of DecenOx vinyl groups observed in the Ellman’s assay (Figure 6) and the 
significant vinyl homocoupling implied from the pDMA results (Figure 5). 
 
 
 Figure 7. Effect of NMR solvent on vinyl group resonance for the four copolymers. Sample 
concentrations were 6% in CDCl3 and D2O. ‘b’ = additional broad resonance of vinylic 
protons in D2O; * = residual water.  
The NMR results also suggest that if either of the DecenOx copolymers were irradiated in 
chloroform instead of water the aggregation phenomenon would not be present. To test this, 
the PMeOx380-DecenOx20 copolymer was prepared as a 10% precursor solution using the 
same conditions as for the hydro-gelation, only with chloroform in place of water. Note, that 
the polymer, DTT and I2959 were all soluble in chloroform. When water and chloroform 
solutions were exposed side-by-side to 365 nm light both solutions crosslinked within 240 
sec (based on the material no longer flowing when inverted). This may be explained by the 
good solvation and minimal steric hindrance about the vinyl groups in chloroform making 
them available for reaction with the thiyl radicals. When the same experiment was performed 
comparing the two solvents but without any thiol, at high irradiation time the sample in water 
formed a gel, however, the sample in chloroform remained soluble, suggesting the aggregated 
vinyl groups implied by the NMR and pDMA results are required for the observed 
homopolymerization in water. 
 
These data suggests that the PMeOx-DecenOx and PMeOx-ButenOx crosslinking reactions 
may involve significant hydrophobic interactions of the DecenOx side chains leading to high 
local concentrations of vinyl groups and mixed vinyl homocoupling and thiol-ene reactions. 
Xu and Boyer very recently reported radical-radical cross-coupling as an unwanted side-
reaction when attempting to conjugate Thiogly to allyl groups of poly(oligoethylene glycol-
allyl methacrylate) in water or methanol.
45
 In their system the allyl group is not as 
hydrophobic as the DecenOx however the high content of allyl methacrylate (50%) would 
have led to self-aggregation of the allyl groups. Conversely, in the ButenOx copolymers, the 
hydration of the ButenOx side chains is sufficient to ensure that the thiol-ene reaction with 
DTT (or the Thiogly model) is predominant. In either case, the ButenOx and DecenOx 
copolymers give rise to highly swollen, compliant hydrogels with excellent transparency, but 
it does highlight that if thiols are to be conjugated, e.g. thiol peptides, to add biological 
functionality, then caution needs to be observed as thiol-ene coupling reactions for PMeOx-
DecenOx may be lower in yield than expected in water. Alternatively, the observation that 
hydrophobic interactions can greatly accelerate crosslinking may be useful in designing 
systems to cure using very low light flux and thereby intentionally take advantage of this 
feature. 
Conclusions 
A simple synthetic route to 2-(3-butenyl)-2-oxazoline via α-deprotonation of 2-methyl-2-
oxazoline has been achieved allowing for cost-effective preparation of PMeOx-ButenOx 
statistical copolymers. The thiol-ene photocuring of these copolymers was compared with 
similarly prepared PMeOx-DecenOx copolymers made from readily available 2-undecenyl-2-
oxazoline. The time to cure and the crosslinking mechanism was greatly influenced by the 
hydrophobicity of the side chains. A proposed mechanism of hydrophobic interactions under 
aqueous conditions enhancing vinyl homopolymerization is supported by NMR data of the 
hydrophobic microenvironment. Despite the differences in mechanism, all PMeOx-DecenOx 
and PMeOx-ButenOx copolymers yielded hydrogels with good swelling properties and high 
optical transparency. 
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